Abstract. miR-16 is known to be abnormally expressed in hepatocellular carcinoma (HCC) cells, and the overexpression of miR-16 inhibits the proliferation, invasion and metastasis of various cancer cells. MicroRNAs (miRNAs or miRs) are closely related to the proliferation, invasion and metastasis of HCC. The present study aimed to explore the effects of miR-16 on the proliferation, invasion and metastasis of HCC cells, and to elucidate the mechanisms involved. A cell line with moderate levels of miR-16 expression was selected from the SMMC-7721, HepG2, SK-Hep-1 and Huh-7 HCC cells and validated by reverse transcription-PCR (RT-PCR). The effects of miR-16 on HCC cell viability were determined by MTT assay; cell migration and invasion were determined by Transwell cell invasion assay, and apoptosis was determined by flow cytometery (FCM). Western blot analysis was used to measure the expression levels of the apoptosis-related proteins, Bax, Bcl-2, matrix metalloproteinase (MMP)-2, MMP-9, as well as to examine epithelial-mesenchymal transition (EMT), and E-cadherin, vimentin, and phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway-related protein expression. The mRNA expression levels of miR-16 were highest in the SMMC-7721 cells and lowest in the SK-Hep-1 and Huh-7 cells; moderate levels were observed in the HepG2 cells. The HepG2 cell line was selected as the cell line for use in the follow-up experiments, where we measured cell viability, and the expression of PI3k/Akt, Bax, Bcl-2, MMP-2 and MMP-9, and E-cadherin and vimentin. miR-16 overexpression significantly inhibited the proliferation, invasion and metastasis of the HepG2 cells, as shown by western blot anlaysis. This was achieved through the upregulation of Bax expression, the downregulation of Bcl-2 expression and the decrease in the expression of MMP-2 and MMP-9. In addition the epxression of E-cadherin increased and vimentin expression decreased. miR-16 overexpression inhibited PI3K expression and Akt phosphorylation. The results of this study suggest that the overexpression of miR-16 inhibits the proliferation, invasion and metastasis of HepG2 HCC cells, and that these effects are associated with the PI3K/ Akt signaling pathway.
Introduction
Of the malignant tumors which form in essential liver or intrahepatic bile duct, 90% are usually hepatocellular carcinoma (HCC) (1) . HCC is the fifth most common solid tumor worldwide. China has the the highest incidence of liver cancer worldwide (2) . The majority of patients are already in the advanced stages of the disease at the time of diagnsis (1, 3) . At present, surgical resection and liver transplantation are the most effective treatment methods for HCC. However, clinical research has shown that >50% of patients with HCC relapse following liver resection, an event which is related to the fact that HCC is a type of heterogeneous tumor with a high invasive-and metastatic capacity. Intrahepatic spread and extrahepatic invasion and metastasis are the leading causes of a poor prognosis for patients with HCC (4, 5) .
MicroRNAs (miRNAs or miRs) are a class of evolutionarily highly conserved endogenous, non-coding, small RNA molecules, which can combine with the mRNA 3'-UTR region of target genes, suppress the translation of target genes, and then inhibit the expression of target genes (6) . miRNAs play an important role in various pathological and physiological processes, including carcinogenesis and cancer metastasis, and promote the proliferation and metastasis of malignant tumors, including HCC (7) . The expression of miR-15a and miR-16-1 has been shown to be downregulated or lacking in the majority of patients with chronic lymphocytic leukemia (8) . As regulatory factors, miRNAs can either play the role of proto-oncogenes or anti-oncogenes, affecting the biological characteristics of cells. Research has shown that the downregulated expression of miR-16 in HepG2, SK-HEP-1 and Huh7 HCC cells may be associated with the proliferation of HCC (9) . miR-16 has been shown to suppress the proliferative activity of various cancer cells and can inhibit the invasion and metastasis of human glioma and colorectal cancer cells (10) (11) (12) . Epithelialmesenchymal transition (EMT) is a key event in tumor invasion and metastasis. This process is not only involved in the disappearance of cancer cell polarity, but it is also closely related to the disappearance of the connection between cancer cells, the remodeling of the cytoskeleton, and changes to key signaling pathways. The induction of EMT and the abnormal expression of miRNAs are closely related to the occurrence, development, proliferation, migration and recurrence of tumors, including HCC (11) (12) (13) .
The occurrence and development of HCC is a multi-step process and involves multiple different factors. It also involves the disorder of key signaling pathways that regulate various cellular processes, such as proliferation, apoptosis, invasion and metastasis. Previous research has confirmed that the abnormal activation of phosphatidylinositol 3-kinase (PI3K)/ protein kinase B (PKB or Alt) in HCC plays an important role in promoting cancer cell proliferation, apoptosis and metastasis (14) . Bax, Bcl-2, and matrix metalloproteinases (MMPs), namely MMP-2 and MMP-9, are downstream molecules of the PI3K/AKT signaling pathway. Following activation, the PI3K /AKT pathway affects the expression of these downstream molecules, and then promotes the proliferation and invasion of HCC (15, 16) . Tsai et al further confirmed that the activation of the PI3K/Akt signaling pathway was a key mechanism in the process of EMT, and that the suppressed activation of the pathway led to the reversal of EMT, the re-expression of E-cadherin and β-cadherin, and the reduction of the expression of the interstitial cell marker, vimentin (17) . It has also been previously demonstrated that miR-16 regulates the expression of EMT-related proteins in U87 and U251 glioma cells through the Akt signaling pathway (12) .
Based on the above-mentioned data, we formulated a hypothesis that miR-16 may inhibit the proliferation, invasion and metastasis of HCC cells, and that this effect may be mediated through the PI3K/Akt signaling pathway. Therefore, this study aimed to examine the effects of miR-16 on the expression of Akt signaling pathway-related proteins and on the proliferation, invasion and metastasis of HCC cells. Instruments. The CO 2 incubator was obtained from Thermo Scientific, Waltham, MA, USA; the super clean workbench was from Thermo Scientific; the inverted microscope was from Nikon, Tokyo, Japan; the flow cytometer was obtained from BD Biosciences (San Diego, CA, USA; the Mini dual vertical electrophoresis apparatus, the Mini transfer electrophoresis unit, and the ChemiDoc™ XRS Gel Imaging System were all from Bio-Rad, Hercules, CA, USA.
Materials and methods

Cell
miRNA synthesis, preparation and storage. Synthetic miR-16 mimic, miR-16 inhibitor and mimic negative (NC) control, and inhibitor negative control were purchased from Guangzhou RiboBo Co., Ltd., (Guangzhou, China). Synthetic samples were first centrifuged (10,000 rpm, 25˚C) then diluted per 5 nmol miRNA, and subsequently added to 250 µl diethylpyrocarbonate (DEPC)-treated water, which was added to 20 µM mother liquor; the samples were repackaged and stored at -20˚C. miR-16 mimic and NC mimic chemical synthesis were undertaken by Applied Biosystems, Foster City, CA, USA). The miR sequences were as follows: miR-16 mimic, 5'-UAGCAGCACGUAAAUAUUGGCGCCAAUAUUUAC GUGCUGCUAUU-3'; miR-16 mimic negative control, 5'-UUCUCCGAACGUGUCACGUTTACGUGACACGUUC GGAGAATT-3'; miR-16 inhibitor, 5'-CGCCAAUAUUUA CGUGCUGCUA-3'; and miR-16 inhibitor negative control, 5'-CAGUACUUUUGUGUAGUACAA-3'.
Transfection of cells with miRNAs.
On the day prior to transfection, the cells were inoculated in medium without penicillin-streptomycin solution (6-well plates, 2,000 µl per well; increase or decrease in proportion). Cells were transfected when they reached a confluence of 30-50%. The miRNAs were diluted with a moderate amount of serum-free Opti-MEM ® I culture medium (Cat. no. 31985-070; Invitrogen, Carlsbad, CA, USA) (250 µl) by blending gently. Lipofectamine 2000 was diluted in Opti-MEM I by blending gently, followed by incubation for 5 min at room temperature. The diluted Lipofectamine 2000 (Cat. no. 13778150; Invitrogen) was gently mixed with the diluted miRNAs, and the mixture was incubated for 20-30 min at room temperature. Following the addition of the miRNA/Lipofectamine 2000 compound to the 6-well plates, the plates were gently shaken. After 6 h, the DMEM containing 10% serum was added, and the cells were cultivated at 37˚C in a CO 2 incubator for 24-72 h.
Reverse-transcription PCR (RT-PCR) validation of miR-16 expression in 4 different HCC cell lines.
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. The primer sequences were as follows: miR-16, 5'-TAGCAGCA CGTAAATATTGGCG-3'; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; internal control), 5'-TGACTTCAA CAGCGACACCCA-3'. RNA was reverse transcribed into cDNA and PCR amplification was carried out using a one-step RT-PCR kit (Cat. no. C81401180; Invitrogen). Approximately 5 µl amplification product was used in the next step of 2% agarose gel detection. Following electrophoresis, bands were detected and images were acquired using an ultraviolet spectrophotometer (Quawell, San Jose, CA USA).
Determination of the cell proliferation rate by MTT assay. The HepG2 cells were inoculated in 96-well plates, with 100 µl in each well and 4 plates for each group. When cell confluence reached 50%, miR-16 mimic, miR-16 inhibitor and the corresponding negative control were transfected into the cells, and the transfection concentrations were 50 and 200 nmol, respectively. One day prior to transfection, the cells were digested and counted, and inoculated in 96-well plates. Following transfection for 48 h, 20 µl 5 mg/ml MTT were added and followed by cultivation for 4 h. After the nutrient solution was removed, 150 µl DMSO were added to each well followed by shaking until the crystals had dissolved. The optical density (OD) was measured at 560 nm using an enzyme standard instrument, and the relative proliferation rate was calculated with 630 nm as the reference wavelength.
Analysis of cell migration. The HepG2 cells were inoculated in 96-well plates at 100 µl in each well and 4 plates for each group. When the confluence of the cells reached 50%, miR-16 mimic, miR-16 inhibitor and the corresponding negative controls were transfected into the cells, and the transfection concentrations were 50 and 200 nmol, respectively. On the day prior to transfection, the cells were digested and counted, and inoculated in 96-well plates. Following transfection for 48 h, the cells were digested and added to a Transwell upper chamber, and the cells in the lower chamber continued to be cultured for a further 24 h in DMEM with 5% fetal bovine serum. The Transwell chamber was subsequently removed and washed, and the cells were fixed with paraformaldehyde and stained with crystal violet. The number of migrated cells was counted in a total of 5 fields of view under an inverted optical microscope. The average number of cells per field of view was calculated, and this represented the migratory ability of the cells. Detection of cell apoptosis. The HepG2 HCC cells were inoculated in 6-well plates. When the confluence of the cells reached 50%, miR-16 mimic, miR-16 inhibitor and the corresponding negative controls were transfected into the cells, and the transfection concentrations were 50 and 200 nmol, respectively, with 3 wells/group. After 24 h, the cells were digested and harvested, and then detected using a FACSCanto flow cytometry instrument (BD Biosciences) after being stained with Annexin V-FITC/PI for 30 min in the dark.
Western blot analysis. The HepG2 cells were inoculated in 96-well plates, 100 µl/well and 4 plates/group. When the cell confluence reached 50%, miR-16 mimic, miR-16 inhibitor and the corresponding negative controls were transfected into the cells, and the transfection concentrations were 50 and 200 nmol, respectively. Following transfection for 48 h, the cells were scraped and centrifuged (10,000 rpm for 10 min at 25˚C). Following the addition of the appropriate amount of RIPA lysis buffer, the cells were placed in a vortex meter and shaken for 30 sec. After 40 min, they were centrifuged (4˚C, 10,000 rpm) for 10 min, and the supernatant was then removed, and thus we obtained the total protein. The protein concentration was measured using a BCA kit. The proteins separated by SDS gel electrophoresis, and then transferred to the membrane using the wet transfer method. The membrane was immersed and incubated in primary antibody solution (Bax, Bcl-2, MMP 2, MMP 9, E-cadherin, vimentin, PI3K, β-actin, Akt and p-Akt) overnight at 4˚C. After being rinsed, the proteins were immersed and incubated in the secondary antibody solution (goat anti-rabbit and anti-mouse antibody labeled with horseradish peroxidase) at room temperature for 1-2 h. The membrane was removed and rinsed, followed by the addition of ECL solution, and were then examined using a gel imaging system. Each antibody gray value stripes were detected using Quantity One software.
Statistical analysis. Means and standard deviations (SD)
were used to summarize continuous variables. To determine the differences between groups, the independent t-test and one-way ANOVA were used where appropriate. A two-sided P-value <0.05 was considered to indicate a statistically significant difference. All analyses were performed using SPSS software, version 17.0.
Results
Expression of the miR-16 gene in 4 HCC cell lines.
The results from RΤ-PCR revealed that of the 4 HCC cell lines, the mRNA expression level of miR-16 was highest in the SMMC-7721 cells and lowest in the SK-Hep-1 and Huh-7 cells; moderate expression levels were observed in the HepG2 cells (Fig. 1) . Therefore, we selected HepG2 as the cell line for use in followup experiments. as well as the respective negative. The results of MTT assay revealed that compared with the negative control-transfected cells, the knockdown of miR-16 significantly increased HepG2 cell viability, whereas the overexpression of miR-16 inhibited HepG2 cell viability (P<0.05; Fig. 2 ).
Effect of miR-16 on
Effect of miR-16 on HepG2 cell apoptosis.
The results of Annexin V/PI flow cytometry revealed that compared with the negative control-transfected cells, the impact of miR-16 knockdown on HepG2 cell apoptosis was not significant. However, the overexpression of miR-16 significantly promoted HepG2 cell apoptosis (P<0.05; Table I ).
Effect of miR-16 on the migratory and invasive ability of HepG2 cells.
The results of the migration and invasion assays revealed that the overexpression of miR-16 significantly reduced the number of HepG2 cells migrating through and invading the filter membrane (P<0.05). The impact of miR-16 knockdown on the migratory and invasive ability of the HepG2 cells was not significant (Table II) . 
Effect of miR-16 on proteins related to the PI3K/Akt
Effect of miR-16 on MMP protein expression in HepG2 cells.
Following transfection of the HepG2 cells with miR-16 mimic or miR-16 inhibitor, or the respective negative controls, we measured the expression levels of MMP-2 and MMP-9 in the HepG2 cells. Compared with the negative control-transfected cells, the expression levels of MMP-2 and MMP-9 in the cells transfected with the miR-16 inhibitor (anti-miR-16) were significantly increased; however, the MMP-2 and MMP-9 expression levels were also markedly inhibited in the cells transfected with the miR-16 mimic (P<0.05; Fig. 5 ).
Effect of miR-16 on EMT-related proteins in HepG2 cells.
Following transfection of the HepG2 cells with miR-16 mimics or miR-16 inhibitor, or the respective negative controls, we measured the expression levels of E-cadherin and vimentin in the HepG2 cells. Compared with the negative control-transfected cells, the expression of E-cadherin was downregulated and that of vimentin was upregulated in the cells transfected with the miR-16 inhibitor (anti-miR-16) (P<0.05). In the cells transfected with the miR-16 mimic, the expression of E-cadherin was upregulated and that of vimentin was downregulated (P<0.05; Fig. 6 ). Discussion miR-16 is an miRNA which exerts an antitumor effect and is closely associated with cancer cell proliferation and the development of malignant tumors. The results of the present study, revealed moderate mRNA expression levels of miR-16 in HepG2 cells, and thus this cell line was selected for use in follow-up experiments. We also observed the effects of miR-16 on the proliferation, invasion and metastasis of HepG2 HCC cells.
Bax and Bcl-2 are genes known to play a role in the regulation of apoptosis. Bax expression is downregulated in multiple tumors, including HCC tissue (18) . Bcl-2 overexpression is clearly involved in the occurrence, development and metastasis of HCC cells (19) . Studies have demonstrated that miRNAs are involved in cancer cell differentiation, apoptosis and proliferation, functioning as either tumor suppressor genes or proto-oncogenes (19, 20) . miR-16 plays an extremely important biological role in the occurrence and development of tumors (21, 22) . Bhattacharya et al reported that miR-16 and -15a control Bmi-1 expression in ovarian cancer and that miR-15a and miR-16 overexpression inhibited the proliferation of ovarian carcinoma cells (23) . Tang et al reported that miR-16 regulates the proliferation and apoptosis of ovarian epithelial carcinoma cells (24) . In a previous study, microbubbles with rick miR-16 were subcutaneously injected into nude mice with prostate cancer and it was found that that miR-16 entered the cancer cells and inhibited the expression of Bcl-2 with fluorescent reporter gene expression (25) . Our study also confirmed that miR-16 overexpression increased Bax expression and decreased Bcl-2 expression in HepG2 cells.
MMPs are a group of proteases, which play a key role in the degradation of the extracellular matrix, and in the invasion and metastasis of cancer cells. It has previously been demonstrated that MMPs play a crucial role in the process of HepG2 cell invasion (26) . High expression levels of MMP-2 and MMP-9 have been shown to correlate with tumor size and the occurrence of lymphatic metastasis in HCC (27) . Renjie and Haiqian (10) and Wang et al (12) reported that miR-16 overexpression inhibited the migration and invasion of glioma and pituitary cells. Yang et al that miR-16 inhibits glioma cell growth and invasion by suppressing Bcl-2 and the nuclear factor-κB1/MMP-9 pathway (25) . In the present study, following transfection of HepG2 cells with miR-16 mimic or miR-16 inhibitor, we found that miR-16 overexpression decreased the expression levels of MMP-2 and MMP-9 and thus inhibited cell migration and invasion.
Previous research has indicated that EMT plays an important role in tumorigenesis, including local invasion, and transfer and diffusion through the circulatory system, and is related to the aggressiveness of cancer cells. The beginning of metastasis is said to occur when the EMT process commences in malignant cancer cells (28, 29) . A marked characteristic of EMT is the downregulated expression of the intercellular adhesion molecule, E-cadherin, and the upregulated expression of a series of mesenchymal markers, including N-cadherin, vimentin and fibronectin (30, 31) . In HCC, the lack of E-cadherin expression is associated with tumor invasion, migration and a poor prognosis (32) . It is considered that E-cadherin plays a role in the invasion ability of numerous cancer cells (33) . Vimentin expression contributes to the enhanced invasion and metastasis in cancer (32, 34) . Previous studies have reported that miR-16 influences cancer cell metastasis by affecting the process of EMT in colorectal cancer and pituitary tumor cells (10, 11) . In the present study, we noted that miR-16 overexpression in HepG2 cells downregulated the expression of vimentin,and upregulated the expression of E-cadherin.
We also noted that miR-16 overexpression in HepG2 cells led to the significantly increased expression of PI3K and decreased levels of Akt phosphorylation. PI3K belongs to the phosphatidylinositol-dependent kinase family, and activates Akt through a series of signal transductions. Akt participates in various basic cellular processes, including cell proliferation, apoptosis, migration, invasion and EMT. In relation to HCC tissue, the abnormal activation of the PI3K/Akt pathway has been proven to be closely related to the prognosis of patients (35) . It has also previously been demonstrated that PI3K/Akt activity is significantly decreased by the overexpression of miRNAs in HCC cells by treating HCC cells with miRNAs, thus inhibiting the proliferation, invasion and metastasis of HCC cells (36, 37) .
Previous research has confirmed that mitochondrial dysfunction and deactivation of Akt may contribute to the apoptosis-inducing effects of carnosic acid in HepG2 cells (16) . Mice MMP-2 gene knockout has been shown to affect the secretion of MMPs, which is mediated through the PI3K/Akt signaling pathway (38) . In HepG2 cells, the downregulated expression of MMP-9, through the PI3K/Akt signaling pathway, has been shown to inhibit cell invasion (39) . In the processes of cancer cell invasion and metastasis, it has been confirmed that EMT is associated with multiple signaling pathways. The activation of the Akt and Erk signaling pathways prompts the EMT process in cancer cells, providing cancer cells with the ability to survive (40) . Wang et al (12) also found that miR-16 regulated EMT-related proteins in the glioma cell lines, U87 and U25, and that this involved the Akt signaling pathway; the decreased expression of E-cadherin and vimentin was also noted (12) . Thus, miR-16 may also influence HepG2 cell proliferation, migration and invasion through the PI3K/Akt signaling pathway, and affect the expression of related proteins (12) .
It must be noted that the experimental design of our current study had certain limitations. First, this study was designed in order to explore the influence of miR-16 on HepG2 cell proliferation, invasion, metastasis and apoptosisat the the protein level, not the genetic level. The synthesis of mRNA and protein should not be examined together as this would affect the results. Moreover, this study was an in vitro study. No in vivo experiments using animals were performed to observe the effects of miR-16 on the proliferation, invasion and metastasis of cancer cells from transplanted tumors. Thus, further in vivo animal studies are warranted to confirm our findings.
In conclusion, the findings of the present study demonstrated that miR-16 overexpression inhibited the proliferation, invasion and metastasis of HepG2 HCC cells, and that these effects involved the upregulation of Bax expression, the downregulation of Bcl-2 expression, and the decrease in the expression levels of MMP-2 and MMP-9. In addition, E-cadherin expression was increased and vimentin expression was decreased and this also involved the inhibition of PI3K expression and Akt phosphorylation.
